The vast majority of commercial polyolefins are semi-crystalline materials.
Depending on the chemical composition and tacticity, their melting temperatures
range from ambient to temperatures exceeding 160 °C. Polyolefins form various
crystalline structures that can be investigated with microscopic, spectroscopic and
scattering techniques.

When a semi-crystalline polyolefin is dissolved in a solvent at high temperature
(usually above the melting temperature), followed by a continuous or stepwise
decrease of the solution temperature, the polyolefin starts to form crystals that will
precipitate out of the solution. The crystallization temperature, the shape and the
amount of crystals depend on the molecular structure of the polyolefin, mainly its
chemical composition, its tacticity and the degree of branching. Highly crystalline
materials will crystallize out of the solution at higher temperatures than materials
with lower crystallinity.

Flory—Huggins statistical thermodynamic treatment accounts for melting point
depression due to the presence of a diluent in a crystallizing system. The diluent can
be a solvent or a comonomer. In either case, the crystallization temperature
decreases with increasing diluent concentration. Therefore, for copolymers that
do not have long chain branches, the separation by crystallizability can be regarded
as a separation according to chemical composition. A precondition is that the
concentration of the diluent is low and it does not enter into the crystal lattice of
the crystallizing polymer. For copolymers where the non-crystallizing comonomer
is the diluent, a linear dependence of the melting or crystallization temperature on
the amount of comonomer incorporated is observed. Such linear dependencies have
been seen in temperature rising elution fractionation (TREF), differential scanning
calorimetry (DSC) and crystallization analysis fractionation (CRYSTAF)
experiments [1-4].

The potential of crystallization behaviour of semi-crystalline polymers as an
analytical tool was recognized by Desreux and Spiegels [5] in the early history of
polyolefin fractionation. TREF, CRYSTAF and crystallization elution fractionation
(CEF) are the main techniques that are used today in this category. The differences
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in crystallization behaviours of different polymers are the basis of fractionation in
these techniques expressed by differences in crystallizability as a function of
temperature. A discussion of the various experimental approaches to obtain final
results will be given in the following chapters. Long analysis times and the limita-
tion of the techniques to only the crystallizable part of the sample are the major
disadvantages of the techniques in this category. The amorphous part cannot be
fractionated and is obtained as a bulk fraction. Historically, TREF analysis required
around 100 h to be completed. New developments in the field have reduced TREF
analysis time to 3—4 h. CRYSTAF analysis can be accomplished in 100 min while
the latest development in crystallization-based techniques—CEF—allows analysis
to be completed in less than 30 min.

2.1 Temperature Rising Elution Fractionation

There are numerous excellent reviews on TREF that have been published over the
years. These reviews demonstrate very clearly that, to date, TREF is the most
important fractionation technique for semi-crystalline polyolefins and is a standard
method in the polyolefin industry. Most recent and comprehensive reviews have
been presented by Soares and Hamielec [6, 7], Monrabal [8, 9] and Pasch, Malik
and Macko [10].

The principles of polymer fractionation by solubility or crystallization such as
TREF are based on the Flory—Huggins statistical thermodynamic theory that
accounts for melting point depression due to the presence of a diluent and it is
expressed by Eq. (2.1) [11-14]:

1/Tm — 1T = —(R/AH,) In N» (2.1)

where T, is the melting temperature of the pure polymer, Ty, is the equilibrium
melting temperature of the ‘diluted’ polymer, AH,, is the heat of fusion per polymer
repeat unit, and N is the mole fraction of the diluent.

Fractionation in TREF resembles a liquid chromatographic separation, comprised
of a column, a mobile phase, a set of detectors and a fraction collector. TREF can be
performed on analytical and preparative scale, termed A-TREF and P-TREF, respec-
tively. In all cases, a TREF experiment involves the following steps: (1) dissolution of
the sample in a suitable solvent at high temperature, (2) crystallization of the polymer
on a solid support by decreasing the temperature, (3) dissolution and elution of
polymer fractions with different crystallizabilities by increasing the temperature. A
schematic presentation of the TREF process is given in Fig. 2.1.

Typical solvents to be used in TREF are high boiling point solvents such as
xylene, 1,2,4-trichlorobenzene (TCB), o-dichlorobenzene (ODCB),
chloronaphthalene and others. Typical dissolution temperatures are between
120 °C and 160 °C and solution concentrations are around 0.5 wt%. Once the
polymer is dissolved, the solution is loaded onto the TREF column which is filled
with an inert support, e.g. sea sand, glass beads or stainless steel shots.
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Fig. 2.1 Schematic presentation of the TREF process including the crystallization and the
dissolution/elution steps

Alternatively, the polymer solution can be mixed with the support in a beaker or
flask. In the next step, the temperature of the column (beaker, flask) is slowly
decreased from high to ambient in order to crystallize polymer fractions out of the
solution. At the highest temperature, the highly crystalline fractions will precipitate
on the solid support followed by fractions of lower crystallinity. Accordingly,
onion-type layers of polymer will be formed that have decreasing crystallinities
from core to surface, as shown in Fig. 2.1. Non-crystallizing polymer fractions will
remain in the solution. The type of crystalline layers will be influenced by the
crystallization rate; in order to produce uniform layers crystallization rates as low as
0.1 °C/min are used [10-14].

As has been pointed out earlier, crystallizability is (mainly) a function of
chemical composition and molecular topology (branching). Accordingly, linear
low density polyethylene (LLDPE) which exhibits a chemical composition distri-
bution crystallizes with regard to the copolymer composition. Low density poly-
ethylene (LDPE) which is a homopolymer but exhibits a branching distribution
crystallizes with regard to the number and length of the branches [15].

After the crystallization step is completed, the TREF column contains a slurry of
the solid support decorated with polymer sample layers. If crystallization was
conducted in a beaker/flask, the slurry is now filled into the TREF column. The
next step is the dissolution/elution step. A constant flow of solvent (mobile phase)
produced by a standard HPLC pump is applied to the column and all soluble
material is eluted. Typical flow rates are 0.5-2 mL/min. At ambient temperature,
the ‘soluble fraction’ consisting of (amorphous) material that did not crystallize
elutes; see Fig. 2.1. By slowly increasing the temperature of the column and the
mobile phase (0.5-5 °C/min), the crystallized outer layers start to dissolve and elute
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Fig. 2.2 Schematic diagram of analytical TREF (a) and fully automated Polymer Char instrument
(b) (reprinted from [16] and [9] with permission of Springer Science + Business Media)
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from the column. Accordingly, elution takes place with increasing temperature in
the direction of increasing crystallizability. The latest eluting fractions have the
highest crystallizability (lowest comonomer content, lowest degree of branching).
The elution process is monitored by standard concentration detectors such as
infrared (IR) and evaporative light scattering detectors (ELSD); however, more
detailed information can be obtained when additional molar mass sensitive
detectors, such as a viscometer (Visco) or light scattering (LS) detector, are used
[10-14].

Over the years, different (mainly home-built) instruments have been used; for
example see the schematic diagram in Fig. 2.2a [16] or instrument in [17]. Today,
the most common instrument is the fully automated TREF instrument produced by
Polymer Char, Valencia, Spain; see the schematic diagram in Fig. 2.2b.

Typical TREF curves for olefin block copolymers showing the influence of the
a-olefin content in the hard block on the crystallizability are presented in Fig. 2.3.
Kuhlman and Klosin investigated the block composition of PE multiblock
copolymers as a function of different catalyst systems [18]. The block composition
was tuned by a combination of hard and soft catalysts and diethylzinc (DEZ) as
chain shuttling agent. With different catalyst compositions, the a-olefin content
increased and the crystallization curves moved to lower temperatures from run A to
run G. The amorphous part of the samples could not be resolved and eluted at the
lowest temperature as a narrow peak.

As can be seen in Fig. 2.3, the TREF experiment produces a plot of elution
temperature vs. concentration (wt%) of eluting fraction. For linear copolymers such
as LLDPE, the elution temperature is directly proportional to copolymer composi-
tion. This has been shown by Boisson and co-workers for LLDPEs containing
different comonomers [19]. As is shown in Fig. 2.4, for ethylene copolymers with
propene, 1-hexene, 1-octene and 1-octadecene as comonomers, linear calibration
curves were obtained. At the same molar composition the TREF dissolution
temperature decreased with increasing branch length. Octene and hexene
copolymers produced identical calibration curves.
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Fig. 2.4 TREF calibration curves for different ethylene copolymers (reprinted from [19] with
permission of Wiley-VCH)

The elution in TREF has been shown to be independent of molar mass above
10 kg/mol [1, 2]. As an alternative to the calibration of TREF with well
characterized polymer standards, a composition sensitive detector can be used, as
has been demonstrated by Monrabal [20, 21]. Using a state-of-the-art IR detector
with two simultaneous signals, one signal is used for total concentration while the
other signal measures the methyl absorption, which is indicative for comonomer
content. The ratio of the two signals gives the CH3/1,000C value for a typical
LLDPE; see Fig. 2.5a. Assuming that the sample has no long chain branches, the
value corresponds directly to the copolymer composition. It is remarkable that the
CH3/1,000C calibration curve shows a linear dependence on elution temperature.
The composition detector is particularly important in cases where the crystalliza-
tion behaviour is influenced by copolymer composition and other parameters such
as tacticity and branching. A good example for such a situation is the fractionation
of high impact polypropylene copolymers (IPCs) where the IR detector reading
provides copolymer composition irrespective of polypropylene (PP) tacticity; see
Fig. 2.5b [9]. Other detector options are the online viscometer and the multiangle
laser light scattering (MALLS) detectors that provide direct molar mass
information.

As has been pointed out earlier, TREF is one of the workhorses of the polyolefin
industry for characterization of polyolefins with respect to crystallizability. A
typical procedure is to fractionate a complex polyolefin by TREF, isolate the
fractions and subject them to a range of analyses including size exclusion chroma-
tography (SEC) for molar mass and FTIR/NMR for chemical composition. Other
approaches include the analysis of the crystalline structure by X-ray diffraction
(XRD) and the thermal properties by differential scanning calorimetry (DSC).
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A few representative applications of TREF are reviewed as follows. The slow
crystallization of PE in extended mode occurs only below molar masses of
2,000 g/mol, as shown by the analysis of TREF fractions using Raman spectros-
copy in longitudinal acoustic mode (LAM) and DSC by Tomba et al. [22]. Chain
folding takes place at higher molar masses. For a narrow molar mass range,
independent crystallization was observed, in contrast to broad molar mass ranges
where co-crystallization occurs in the case of polyolefin blends. These results
indicated that crystallizable sequences really existed, and could be attributed to
chain folding and co-crystallization phenomena. A perfect tool for the direct
examination of the distribution of crystallizable sequences length was the
Raman technique in LAM mode. DSC was limited only to samples where narrow
distributions of crystallizable sequences were expected.

Hassan et al. [23, 24] correlated the preparation procedure of the Ziegler—Natta
catalyst, the co-catalyst type, catalyst pretreatment and polymerization conditions
with the tacticity of resulting PP by using SEC, NMR and TREF. Zhang and
co-workers [25] studied the fractionation of random copolymers of propylene and
ethylene by P-TREF, and carried out subsequent analysis of P-TREF fractions by
SEC, *C NMR, DSC and wide-angle X-ray diffraction (WAXD) analysis. Copol-
ymer molecules with varying compositions and molar masses were found in TREF
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fractions. Random copolymers of propylene and 1-butene were synthesized by
Zhang with Ziegler—Natta catalysts and the molecular microstructure and crystalli-
zation behaviour were correlated [26]. Relatively uniform microstructures with
long isotactic polypropylene (iPP) sequences and isolated 1-butene comonomer
units were found by analysis of TREF fractions using CRYSTAF, SEC and '*C
NMR. The increase in 1-butene content decreased the melting temperatures of the
copolymers; therefore, higher temperature fractions contained less 1-butene con-
tent. Two LLDPE samples (comonomers 1-butene and 1-hexene) with similar
densities were fractionated by van Reenen and co-workers. The melt flow index
(MFI) values and comonomer contents were measured and the TREF fractions were
analysed by high resolution solution and solid state NMR [27]. The type of
crystallinity differed significantly in spite of similar degrees of crystallinity for
both polymers. Insight into the detailed microstructure as provided by the hyphen-
ation of TREF with NMR was not accessible otherwise. The same group reported
on the fractionation of propylene—ethylene random copolymers by P-TREF. The
fractions were subsequently analysed by CRYSTAF, DSC, '*C NMR, HT-SEC and
WAXD [28]. Their conclusion was that the incorporation of comonomers inhibited
crystallization and the increase in ethylene content decreased the crystallization and
melting points of the copolymers.

Suzuki et al. investigated the effect of the tacticity distribution on the thermo-
oxidative degradation behaviour of PP by using TREF, NMR and thermographic
analysis (TGA) [29]. It has been shown that atactic PP is more stable due to the
hindered abstraction reaction of tertiary hydrogen. The abstraction of tertiary
hydrogen was the rate-determining step in PP degradation and its dependence on
tacticity distribution was correlated to the rate of degradation of PP. Therefore, the
presence of more meso sequences in the chain will enhance the rate of thermo-
oxidative degradation. Gupta et al. developed structure—property relationships for
LLDPE by varying the length of short chains and keeping similar overall branching
contents [30]. Despite similar TREF profiles, the mechanical properties of the
LLDPE films varied significantly which was attributed to the type of the comono-
mer. Shan and Hazlitt developed a ‘block index methodology’ by analysing
P-TREF fractions by A-TREF [31]. The comonomer content of olefin block
copolymer fractions was higher than that of fractions of random copolymers eluting
at the same temperature. The block index methodology of Shan and Hazlitt revealed
the degree of intrachain comonomer distribution of olefin copolymers.

A comparison of HT-HPLC, CRYSTAF and TREF results for the chemical
composition distribution (CCD) of ethylene—acrylate (EA) copolymers was
presented by Pasch and co-workers [32]. A combinatory investigation of NMR,
TREF, DSC and scanning electron microscopy (SEM) techniques was employed by
Wang and co-workers for studying the compositional heterogeneity, phase structure
and melting behaviour of PP prepared by two spherical TiCl,/MgCl, catalysts
[33]. PP homopolymers, PE homopolymers and ethylene-co-propylene copolymers
with different ethylene segment lengths were the main components of the reactor
alloys prepared by complex ethylene—propylene (EP) copolymerization. A sample
prepared by a different procedure was slightly different; it contained PP
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homopolymer, EP segmented polymer and EP random copolymer. The mechanical
properties of the different materials were correlated with the molecular
architectures and phase structures of the products. Amer and van Reenen reported
on the TREF fractionation of iPP to obtain fractions with different molar masses but
similar tacticities [34]. The DSC results of the fractions indicated that the configu-
ration (tacticity) and the molar mass of the PP strongly affected the crystallization
behaviour.

Cross-fractionation techniques such as SEC-TREF or TREF-SEC were used
for the deconvolution of bivariate MMD/CCD distributions of polyolefin
copolymers. The results were used to identify the number of active catalyst sites
and the relation of the type of active sites with the microstructure of polyolefins
produced with multiple-site catalysts [35]. Model ethylene-1-butene and ethyl-
ene-1-octene copolymers were used to validate the approach. The correlation of
molecular structure and mechanical properties of ethylene-1-hexene copolymer
film grade resins produced by a metallocene catalyst by varying the molar mass
and branching distribution was studied by Alamo and co-workers [36]. Molar
mass fractionation was achieved by solvent/non-solvent techniques, while frac-
tionation with respect to 1-hexene content was obtained by P-TREF. The hyphen-
ation of TREF with SEC-FTIR offered a simple alternative to conventional and
time-consuming methods for characterizing the compositional heterogeneity of
IPCs [37].

The idea to combine different polyolefin fractionation methods to address the
multiple molecular distributions was developed by Nakano and Goto; they com-
bined TREF and SEC to address the bivariate distribution in chemical composition
and molar mass [38]. The resulting instrument was the first fully automated
instrument that combined the chemical composition fractionation by TREF and
the subsequent molar mass analysis of the TREF fractions by SEC.

When combining SEC and TREF there are, in principle, two options:
SEC-TREF or TREF-SEC. The SEC-TREF approach was followed by Aust
et al. [39] to analyse a medium density PE, while Faldi and Soares used TREF-
SEC for the fractionation of a LLDPE [40]. Shan et al. developed a custom-built
TREF-SEC instrument [41] which was used later by Gillespie et al. for SEC-TREF
experiments [42]. Yau demonstrated the potential of a 3D-SEC-TREF apparatus
which was used for the investigation of polyolefin microstructures [43]. A refrac-
tive index (RI) detector, a LS detector and a dual wavelength IR detector were used
as online detectors, as shown in Fig. 2.6.

Monrabal and co-workers [44] pioneered the development of a user-friendly
automated cross-fractionation apparatus (TREF-SEC) to fully characterize
polyolefins with bivariate distributions; see Fig. 2.7. Short chain branching
distributions have been analysed as a function of molar mass. The instrument was
based on the design of a TREF 300 unit. The concentration detector employed is a
dual band IR4 infrared detector. Further online detectors, such as methyl-sensitive
IR sensors, Visco and LS detectors, can be added to enhance the amount of
information.
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Fig. 2.8 MMD x CCD
surface plot of a
two-component PE blend
(reprinted from [45] with
permission of Polymer Char,
Valencia, Spain)

In the TREF fractionation part, there are five stainless steel vessels equipped
with internal filters and magnetic stir bars for dissolution and the subsequent
sequential analysis. Dissolution of the sample is achieved by heating the TREF
oven to 150 °C. The injection valve is moved to the ‘load’ position in order to load
typically 1-3 mg of the sample into the TREF column through an internal filter. The
injection valve is kept at the load position in the next step when crystallization of
the sample is carried out. After complete crystallization and segregation of the
polymer in the TREF column, a discontinuous elution at increasing temperature
steps is carried out. A predefined dissolution time at each temperature is given for
different fractions. The injection valve is then switched to the ‘inject’ position to
elute the dissolved polymer fractions from the TREF column into the SEC column
set. The flow through the TREF column is stopped again after elution of the given
fraction by switching the injection valve to the ‘load’ position. The oven tempera-
ture is increased for dissolution of the next fraction. This process allows molar mass
analysis of the TREF fractions that are collected with respect to increasing crystal-
linity. The final chromatogram is recorded by an IR4 infrared detector and the oven
temperature signals are plotted against the raw IR signals. As a result of the cross-
fractionation process, a 3D plot can be obtained, where the TREF elution tempera-
ture is plotted against the molar mass (from SEC) and the IR detector intensity (as a
measure of concentration); see Fig. 2.8.

2.1.1 Fractionation of Ethylene-Octene Copolymers [46]

Ethylene—octene (EO) copolymers are one of the most important commercial
polyolefin materials. EO copolymers constitute a significant share of the total
market of LLDPE. With a total polyolefin market of more than 120 million tons,
LLDPE has a market share of more than 17 %, with an increasing tendency to
replace LDPE [47].

The higher tensile strength, superior impact and puncture resistance of LLDPE
makes it more popular than LDPE. Thinner films of LLDPE can be produced
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without compromising on strength, thus saving material and reducing costs. The
toughness of LLDPE opens new horizons of application areas. The major share in
global applications of LLDPE is film applications that include food and non-food
packaging, shrink/stretch film and non-packaging applications. Metallocene or
single-site catalysts revolutionized LLDPE research. New resins were synthesized
that allow faster and more stable operations along with improved downgauging of
films. Processing of LLDPE grades is also facilitated by improved and more
effective methods. Today, major application areas of LLDPE are agricultural
greenhouse films, multi-layer cast stretch films, lamination packaging films and
medium to heavy duty bags.

2.1.1.1 Aim

An important step in the development of new or improved materials is the correla-
tion of molecular structure and material properties. For molecular structure eluci-
dation of complex polyolefins, TREF has been shown to be an invaluable tool. For
LLDPE, TREF fractionation produces copolymer fractions that differ in comono-
mer content. These fractions are then analysed by spectroscopic methods (chemical
composition, microstructure), SEC (molar mass) and calorimetric methods (melting
and crystallization behaviour) for the development of structure—property
correlations. A very useful approach is the online combination of TREF and
FTIR spectroscopy, which will be discussed in the present application.

2.1.1.2 Materials

e Polymers. Ethylene-1-octene copolymers: sample 1 is a commercial random
copolymer, sample 2 is a laboratory product. PE homopolymer (SRM1484a
from the National Institute of Standards and Technology, Gaithersburg, USA;
M,, 119.6 kg/mol). Eicosane

2.1.1.3 Equipment

e TREF system. CRYSTAF-TREF 200+ (Polymer Char, Valencia, Spain).

e Detector. FTIR flow cell (Polymer Laboratories, Church Stretton, UK), 1 mm
optical path length, 70 pL volume, CaF, windows. The cell was placed in a
TENSOR 27 FTIR spectrometer (Bruker, Rheinstetten, Germany).

e Solvent. TCB stabilized with 2,6-di-tert-butyl-4-methylphenol (BHT).

e TREF column temperature. Temperature gradient between 140 °C and 25 °C.

* TREF sample concentration. 40—150 mg in 20 mL TCB per reactor vessel.

2.1.1.4 Preparatory Investigations

One of the challenges that TREF presents is to extract quantitative compositional
information on the copolymers from the TREF elution profile. The raw data are
presented as a plot of TREF elution temperature vs. eluate concentration. The
correlation between the TREF elution temperature and the copolymer composition
(Wt% comonomer) can be obtained in different ways. Typically, a set of well
defined copolymers with narrow CCDs and known compositions (from NMR) is
measured by TREF and the peak maximum elution temperature for each sample is
determined. This peak maximum elution temperature is then plotted against the wt
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% comonomer to give a suitable calibration curve. Quite frequently, copolymer
composition is expressed as the number of methyl groups per 1,000 carbons (CHs/
1,000C).

A much more feasible approach is the ‘real time’ measurement of the copolymer
composition using an online FTIR detector. In this case, the analysis relies on the
measurement of the absorption bands of the backbone methylene groups
(at 2,855 cm ™' and 2,926 cm ") corresponding to the total concentration and the
methyl groups (at 2,874 cm ™' and 2,957 cm™") corresponding to the concentration
of the comonomer [48, 49]. As the intensities of the IR absorption bands do not
directly correspond to concentration, a calibration of the FTIR data must be
conducted. In the present case, blends of a linear PE and a low molar mass
hydrocarbon (e.g. eicosane) as well as well defined single-site catalyst resins
were used. It is known that for high molar mass linear PE the methyl chain ends
contribute little to the visible complexity of the spectrum. Thus, the linear PE
provided the total polymer concentration (CH,) while the endgroups of the hydro-
carbon provided the methyl group concentration (CHj3). Figure 2.9 shows expanded
IR spectra of the linear PE and the hydrocarbon with corresponding peak
deconvolutions to determine the polymer concentration and the methyl content.

Based on the analysis of the corresponding absorption bands, the polymer
concentration ([C]) and the methyl content ([(CH3]) can be monitored as a function
of the elution temperature. From these concentrations, the branch frequency
(BF) can be calculated using Eq. (2.2).

BF = (14,000 x [CH3])/(15[C] — 14n[CH3)) (2.2)

n: depends on monomer, for octene n =135
The BF is a direct measure for the LLDPE copolymer composition.

2.1.1.5 Measurement and Evaluation
It is known that both cooling and heating rates influence the TREF results. These
parameters must, therefore, be selected very carefully. For the present LLDPE

== FTIR Spectram == FTIR Spectrum
== Fitted Peak 1 == Fitted Peak 1
wwe== Fitted Peak 2 ted Peak 2
= Fitted Peak 3 ted Peak 3

8 B = Fitted Peak 4

g 8 ~=- Fitted Peak 5

- | &

£ H

2 E

-

3000 2950 2900 850 1800 3000

‘Wavenumbers (cm ') Wavenamber (em 1)

Fig. 2.9 Expanded IR spectra of linear PE (a) and eicosane (b) with peak deconvolutions for the
methylene and methyl absorption bands, the shoulder at 2,900 cm™' is a CH, combination
absorption (reprinted from [46] with permission of Wiley-VCH)
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Fig.2.10 TREF-FTIR profile of a random EO copolymer (reprinted from [46] with permission of
Wiley-VCH)

samples, a cooling rate of 0.20 °C/min was used; the heating rate was 0.25 °C/min.
For the elution step, a flow rate of 0.75 mL/min was used.

The TREF-FTIR curve of a random EO copolymer is presented in Fig. 2.10.
‘dW{/dT’ is the differential mass per temperature increment; the accumulative
weight fraction is calculated based on the mass profile. The comonomer content
is expressed as CH3/1,000C.

Figure 2.10 shows a typical TREF profile with a component that elutes at high
temperature, producing a sharp elution peak and a range of components that elute in
a broad peak between 30 °C and 90 °C. A different TREF profile is obtained for a
blocky EO copolymer produced by chain shuttling technology, see Fig. 2.11
[50]. This sample shows no elution peak at high temperature but a broad elution
peak between 30 °C and 90 °C. Different from the random sample, the olefin block
copolymer exhibits a narrow elution peak at 25 °C.

The TREF curve of the random EO copolymer is quite representative for a
LLDPE. The online FTIR detection shows that the octene content of the copolymer
decreases with increasing TREF elution temperature. The highest eluting fraction
does not contain octene and is, therefore, PE. The elution temperature of 96 °C is in
agreement with linear (high density) PE. The copolymer components eluting
between 30 °C and 90 °C are due to EO copolymer molecules with different EO
contents. The lowest eluting fractions have an octene content of about 40 CHs/
1,000C. It is interesting to note that the TREF elution temperature is linearly
dependent on the octene content of the copolymer. This makes it very easy to
produce a calibration curve that stretches towards higher octene contents. The
online FTIR detection also provides the total concentration of the sample
components. Figure 2.10 indicates that the present sample contains about 10 %
of PE.
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Fig. 2.11 TREF-FTIR profile of a blocky EO copolymer (reprinted from [46] with permission of
Wiley-VCH)

A different type of TREF behaviour is seen for the blocky EO copolymer in
Fig. 2.11. There is no component (PE) eluting beyond 90 °C. As in the previous
case, the copolymer fractions elute in agreement with their octene content. A
narrow TREF elution peak at 25 °C indicates that the sample contains material
that did not crystallize in the crystallization step. The elution step starts at 25 °C and
the ‘soluble fraction’ elutes first from the TREF column. This soluble material
contains copolymer molecules with high octene contents and may even contain
(amorphous) polyoctene (this comprises about 10 % of the total sample). It is an
important limitation of TREF that only the crystallizable material can be
fractionated. The fractionation of all components irrespective of the
crystallizability can be achieved by means of column-based interaction chromatog-
raphy as will be shown in Part 3.

Another remarkable feature of Fig. 2.11 is the difference between the actually
measured octene content and the calibration curve that was obtained from the
random EO copolymer sample. The figure clearly shows that the real octene content
at a given elution temperature of the block copolymer is significantly higher than it
is for the random copolymer. This is clear proof of the fact that the crystallization/
elution temperature is not only influenced by the ‘bulk’ octene content but also by
the microstructure (blockiness, type of branches) [31].

2.1.2 Fractionation of Impact Polypropylene Copolymers [37]

Another unique class of complex polyolefins is heterophase ethylene—propylene
copolymers (EPCs). The major advantage of this class is improved low temperature
impact strength of PP, therefore, they are frequently referred to as ‘Impact PP
copolymers (IPCs)’. The common procedure for IPC production is via a two-reactor
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sequential gas-phase polymerization in the presence of a Ziegler—Natta catalyst
[51]. A complex mixture of reaction products is formed that ranges from amorphous
random EPCs to crystalline iPP. This wide range of reaction products is attributed
to the sequential polymerization procedure and the heterogeneous nature of the
catalyst. Different monomer sequence distributions and sequence lengths lead to
varying degrees of crystallinity. Accordingly, EPCs are semi-crystalline to varying
extents [52-54] and are also referred to as EP block copolymers [55-57], although
this terminology is misleading, regarding the nature of the mixture of end products
obtained.

The distribution of ethylene and propylene sequences, the sequence lengths and
the tacticities determine the final properties of IPC. Therefore, the detailed charac-
terization of IPCs is an important subject, focusing on fractionation as well as
spectroscopic analysis. Structural parameters of bulk EPCs have been investigated
using I3C-NMR as a method of choice [58]. The information on comonomer
contents, distribution of monomers and tacticity could also be obtained by FTIR
[59]. DSC is the method of choice to study the melting and crystallization behaviour
of IPC. DSC is able to distinguish random copolymers from blends and block
structures found in EPCs [60]. The complexity of IPC products makes fractionation
techniques an integral part of the characterization protocol. Separation of the
different components have been achieved by analytical and preparative TREF
[52, 55, 57, 61, 62]. The hyphenation of TREF fractionation with 13C-NMR, DSC
and FTIR allows a comprehensive characterization of impact PP but it is a time-
consuming procedure.

2.1.2.1 Aim

The present application describes the preparative TREF fractionation of a commer-
cial IPC that is followed by a detailed investigation of the molecular structure of the
fractions. In addition to NMR, DSC and SEC as the standard analytical methods,
coupled SEC-FTIR shall be used to analyse the chemical composition as a function
of molar mass.

2.1.2.2 Materials

¢ Polymers. Non-stabilized commercial IPC from SASOL Polymers (Secunda,
South Africa) with the following bulk properties: ethylene content 10.5 mol%,
isotacticity 88.8 % (mmmm), M, 354 kg/mol, molar mass dispersity 3.18.

2.1.2.3 Equipment

e TREF system. In-house built preparative TREF apparatus. For crystallization,
3 g of polymer, ca. 2 wt% Irganox 1010 (Ciba Speciality Chemicals,
Switzerland) and 300 mL of solvent were placed in a glass reactor and dissolved
at 130 °C. The reactor was transferred to an oil bath maintained at 130 °C. As the
crystallization support, pre-heated sea sand (white quartz; Aldrich, South Africa)
was added to the reactor. The reactor was cooled at a rate of 1 °C/h. A stainless
steel column was packed with the crystallized mixture and transferred to a
modified GC oven. The temperature of the oven was increased at a steady rate
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while pre-heated solvent was pumped through the column. Fractions were
collected at pre-determined intervals, solvent was evaporated, fractions were
recovered by precipitation in acetone and then finally dried to a constant weight.

* Solvent. Xylene

e TREF column temperature. Temperature gradient between 130 °C and 30 °C.

e TREF sample concentration. 3 g of polymer in 300 mL of solvent.

e SEC. PL 220 high temperature chromatograph (Polymer Laboratories, Varian
Inc., Church Stretton, UK) at 150 °C equipped with three 300 x 7.5 mm
i.d. PLgel Olexis columns and a differential RI detector. BHT stabilized TCB
was the eluent at a flow rate of 1 mL/min. Sample concentration was 0.5 mg/mL
in TCB and injection volume in all cases was 200 pL. Narrowly distributed
polystyrene (PS) standards (Polymer Standards Service GmbH, Maingz,
Germany) were used for calibration.

e FTIR spectroscopy. Attenuated total reflectance (ATR) measurements were
recorded on a Nicolet Nexus 670 FTIR spectrometer (Thermo Electron,
Waltham, USA) with a SensIR ATR attachment, equipped with a diamond
reflective crystal, incidence angle of 45°. Spectra recorded from 4,000 to
650 cm ™" were obtained from a collection of 64 scans at a resolution of 2 cm™".

 DSC. Mettler 822 DSC instrument (Mettler Toledo, Greifensee, Switzerland),
calibrated with indium metal according to standard procedures, heating rate of
10 °C/min from 25 °C to 200 °C. Second heating cycle data were used for
thermal analysis calculations. Measurements were carried out in a nitrogen
atmosphere.

« NMR. 600 MHz Varian""® INOVA NMR spectrometer (Varian Inc., Palo Alto,
USA) operating at 125 MHz for carbon at 120 °C, 5 mm PFG switchable
broadband probe, samples were prepared to a concentration of 6 wt% in
deuterated tetrachloroethane (Aldrich, South Africa), 90° flip angle of approxi-
mately 6 ps, continuous proton decoupling, acquisition time 1.8 s, pulse delay
time 15 s.

e SEC-FTIR. PL XT-220 (Polymer Laboratories, Church Stretton, UK) operating
at 140 °C was coupled to a solvent evaporation FTIR interface LC-Transform
(Series 300, Lab Connections, Carrboro, USA), stage and nozzle temperatures
160 °C and 150 °C, respectively, transfer line temperature 150 °C, solutes
deposited on heated germanium disc and subsequently analysed by FTIR,
analysis of SEC-FTIR results using Omnic software package (Thermo Electron,
Waltham, USA).

2.1.2.4 TREF Fractionation

The preparative TREF fractions of the sample were collected at 30 °C, 60 °C, 80 °C,
90 °C, 100 °C, 110 °C, 120 °C and 130 °C. Figure 2.12 depicts the weight
distribution (W;%) and weight fraction per temperature increment (W;%/AT) of
the eight P-TREF fractions. The 30 °C fraction and fractions eluting in the range
110-130 °C constitute the largest weight percentage of sample 3V, as is shown by
the fractionation diagram. The principle of TREF fractionation is based on
crystallizability; therefore, fractions collected at 30 °C are expected to be
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Fig. 2.12 Weight distribution and weight fraction per temperature increment for the TREF
fractions of IPC (reprinted from [37] with permission of Wiley-VCH)

amorphous, while highly crystalline fractions are expected at higher temperatures
(around 120 °C). The fractions obtained between these two extreme temperatures
are assumed to be semi-crystalline with compositional differences. All fractions
were analysed by DSC, '>C-NMR and SEC-FTIR for determination of their chemi-
cal composition and thermal properties.

The relationships established by Ray et al. [63] and Randall [64] were used to
calculate the comonomer contents and monomer sequence distributions from NMR;
see Table 2.1. The method described by Kanezaki et al. [65] was used to obtain the
isotacticity (% mmmm) data for the PP part; see Table 2.2.

The results indicate that the TREF fractionation was governed by decreasing
comonomer content and increasing isotacticity. The fractionation also depended
upon the increasing sequence length; the average length (n,) of both ethylene and
propylene sequences increased with increasing elution temperature. The first four
fractions have high concentrations of PE and EP diads which indicate the linking of
ethylene and propylene segments to some extent. On the other hand, the concentra-
tion of PE and EP diads becomes virtually zero in the highest eluting fractions.
Therefore, higher eluting fractions consist of long iPP homopolymer sequences
along with a small amount of PE homopolymer.

The fraction obtained at 30 °C contains equal amounts of ethylene and propylene
with a high number of EP junctions, indicating the strong presence of EP random
copolymers. However, some atactic PP and ethylene homopolymer may also be
present. The higher temperature fractions that elute at 60 °C, 80 °C and 90 °C
contain long sequences of both ethylene and propylene along with a fair number of
EP junctions. This indicates that longer segments of propylene and ethylene are
linked. The sequential gas-phase polymerization cannot produce true block
structures; hence these are called ‘blocky’ copolymers.
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Table 2.2 The Average

Sample ng np
ethylene (ng) and 3V 331 28.86
propylene (np) sequence
lengths of sample 3 V and 30°C 5.41 3.32
its TREF fractions 60 °C 5.00 4.12
(reprinted from [37] with 80 °C 8.95 721
permission of Wiley-VCH)  gq oc 2751 32.84
100 °C 29.99 287.23
110 °C n.d. n.d.
120 °C n.d. n.d.

n.d. not determined

2.1.2.5 Fraction Analysis and Evaluation

The molar masses of the bulk polymer and the TREF fractions were analysed by
SEC. As can be seen in Fig. 2.13, a number of fractions exhibit monomodal MMDs
while others are bimodal. Such molar mass bimodality might indicate composi-
tional heterogeneity. This has frequently been observed for the mid-elution temper-
ature fractions of IPC fractionated by TREF [62, 66, 67] where semi-crystalline
EPC and PP homopolymer co-elute due to the isotacticity distribution found in PP
[62, 68]. PP homopolymer will not elute entirely at high TREF temperatures,
because PP fractions of lower isotacticity will become soluble within the same
lower temperature range of the semi-crystalline EPC phase of corresponding
crystallizability.

Additional evidence for the complexity of the TREF fractions is obtained from
the thermal behaviour, as shown in Fig. 2.14 for the DSC heating curves.

As expected, no melting or crystallization is observed for the 30 °C fraction. This
fraction is amorphous and contains random EP rubber and (perhaps) some low
molar mass PP with a low isotacticity. The higher temperature fractions (110 °C and
120 °C) have a single, distinct melting peak around 160 °C, which confirms the
monomodality of fractions containing predominantly iPP. The fractions eluting at
lower temperatures (60—100 °C) show bimodalities with two melt endotherms,
indicating the presence of two distinct crystallizable components. Furthermore,
the fractions show an increase in melting temperatures for both endotherms from
the 60 °C fraction to the 100 °C fraction, which is a clear indication of an increase in
crystallinity of both components with increasing elution temperature. The appear-
ance of two melt endotherms for the mid-elution fractions confirms the assumption
derived from the SEC curves that these fractions exhibit a significant compositional
heterogeneity. SEC, however, separates according to molecular size and not chem-
ical composition. Therefore, bimodality in the SEC profiles does not conclusively
prove a chemical heterogeneity. One way to overcome this problem is to couple
SEC with a selective detector such as FTIR, as has been shown in Sect. 2.1.1. In the
present case, however, the LC-Transform interface is used instead of a flow cell.
The operation of this device has been described elsewhere and a number of
important applications have been presented [14, 69]. The advantage of this
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Fig. 2.13 Molar mass distributions of the bulk IPC and the TREF fractions (reprinted from [37]
with permission of Wiley-VCH)
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Fig. 2.14 Melt endotherms of the TREF fractions of IPC as obtained by DSC (reprinted from [37]
with permission of Wiley-VCH)

approach is that not only can two wavelengths (e.g. for total concentration and
methyl group content) be monitored, but for each SEC slice a complete FTIR
spectrum is generated. The results of the SEC-FTIR analysis of the TREF fractions
are summarized in Figs. 2.15 and 2.16.
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Fig. 2.15 SEC-FTIR analysis of the ethylene and propylene distribution within the 60 °C, 80 °C,
90 °C and 100 °C TREEF fractions of IPC (reprinted from [37] with permission of Wiley-VCH)

The Gram—Schmidt plots represent the total FTIR absorption over the 2,800—

3,200 cm ™' range of the spectrum. The shape of the plot resembles SEC curves,
which show distributions of molar masses from higher to lower as the elution
volume increases. In the Gram—Schmidt plot, CH3/CH, corresponds to the distribu-
tion of propylene and ‘Et content’ corresponds to the ethylene content profile. The
areas of the absorption bands at 1,376 cm ! and 1,462 cm ! correspond to CHjy
and CH,, respectively, and are used for quantification of the propylene content
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Fig. 2.16 SEC-FTIR analysis of the ethylene and propylene crystallinity distributions within the
60 °C, 80 °C, 90 °C and 100 °C TREEF fractions of IPC (reprinted from [37] with permission of
Wiley-VCH)

[70-72]. The total polymer concentration is measured by the intensity of the CH,
band, whereas the presence of CHj groups indicates branching and is characteristic
of PP units. The chain branching in PE may also result in the band at 1,378 cm™";
therefore, the validity of using the ratio of 1,378 cm™ Y 1,462 cm™! was
investigated. This was achieved by constructing the ethylene profile across the

molar mass curve. The ratio of the areas of the bands at 720 cm ™! and 1,163 cm ™!
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was used for the ethylene content quantification within an EP block copolymer
[73]. The gradual increase in the CH3/CH, ratio across the bimodal MMDs is
observed for the first three fractions eluting at 60 °C, 80 °C and 90 °C, respectively.
This indicates the higher propylene content in the lower molar mass component; see
Fig. 2.15. The ethylene content decreases gradually from the higher molar mass
side of the distribution until it reaches zero within the lower molar mass region, as
indicated by the ratios of the 720 cm ™ Y/1,162 cm ™! bands. This is a clear indication
that ethylene is only present in the higher molar mass components and the band at
1,378 cm ™' represents the methyl groups in PP only.

There is a visible difference in the compositions of the lower and high molar
mass components of the bimodal distribution. PP homopolymers are the sole
component of the lower molar mass region, in contrast to the high molar mass
part which is composed of EPCs with varying monomer distributions. The
ethylene-rich copolymers appear on the higher molar mass side. The propylene
content increases towards the lower molar mass side of the distribution. The 100 °C
fraction forms the transition between blocky copolymers and iPP fractions eluting
at higher temperature, as predicted by '*C-NMR. The Gram—Schmidt curve
constructed from the CH3/CH, ratio shows lower values for regions of higher
molar mass (low elution volume) compared to the low molar mass region,
indicating the differences in the propylene content in both regions of the MMD.
This is a clear sign that the propylene content is lower in the region of higher molar
masses. The results are in good agreement with the ratio of 720 cm /1,163 cm ™!,
which decreases to zero in the direction of higher elution volumes. The presence of
EPC in the higher molar mass shoulder in the 100 °C fraction is therefore confirmed
by SEC-FTIR analysis. The two melt endotherms in each of these fractions deter-
mined by DSC analysis suggest the presence of both crystalline ethylene and
propylene segments. The specific crystalline entities for both monomers are
associated with specific IR bands; therefore, the construction of ethylene and
propylene crystallinity profiles should be possible from SEC-FTIR. The
998 cm ™' and 841 cm ™' bands are associated with long repeating monomer units
in the crystalline 31 helix of PP [74-77]. The short helix segments are associated
with the 972 cm ™' band of the FTIR spectrum. There is a linear correlation between
the intensities of the 998 cm™ ' and 841 cm ™! bands and the density of PP as a
measure of its crystallinity [78]. PP tacticity can, therefore, be determined by the
ratio of the 998 cm ™' and 972 cm ™' absorption bands, providing the degree of
spectral crystallinity in PP.

FTIR spectroscopy also provides information on the relative crystallinity of
ethylene segments in EPCs along with propylene segments. The 720 cm ™' band
originates from long methylene sequences. With the increase in crystallinity of PE,
the intensity of the 730 cm ™' component increases at the cost of splitting of the
720 cm ™" band [79, 80]. The band at 730 cm ™" is recognized as a true crystallinity
band [75]. Therefore, the relative crystallinity in PE is related to the ratio of the
band intensities at 720 cm ™' and 730 cm ™' [80-82]. The ratios of 998 cm ™!/
972 cm ™' and 730 cm '/720 cm ™! are constructed across the Gram—Schmidt
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curves to examine the distribution of ethylene and propylene crystallinity across the
molar mass profiles; see Fig. 2.16.

The low elution volume component of the 60 °C fraction shows a very low level
of propylene isotacticity or crystallinity. The higher elution volume component
(corresponding to lower molar mass) shows higher ratios of 998 cm™'/972 cm ™",
indicating the presence of PP homopolymer. Crystalline ethylene sequences are
present only in the lower elution volume component, which can be identified as the
semi-crystalline EPC component of this fraction. The absence of the 730 cm ™' and
720 cm ™" absorption bands resulted in the discontinuation of this profile within the
higher elution volume component of the distribution.

In the case of the 80 °C and 90 °C fractions, the ratio of the 998 cm™'/972 cm ™!
absorption bands increases across the bimodal distribution towards higher elution
volumes where PP homopolymer is located. Ethylene crystallinity is only seen in
the lower elution volume component. This is the region where EPC elutes. There-
fore, crystalline ethylene and propylene segments are found in the EPC phase and
highly crystalline isotactic PP is found in the lower molar mass PP phase. The
crystalline ethylene segments of the EPC are represented by lower temperature melt
endotherms in the DSC heating curve. The higher temperature melt endotherm in
the DSC heating curve is due to melting of propylene segments of EPC and PP
homopolymer. A uniform propylene concentration is detected in the 100 °C fraction
across the Gram—Schmidt curve. The higher elution volume end of the PP homo-
polymer component of preceding fractions and this fraction show similar values for
the 998 cm™'/972 cm ™' ratio. There is only a slight variation at the lower elution
volume shoulder, where EPC elutes, as indicated by the CH3/CH, ratio. Crystalline
ethylene segments are also detected only in the low elution volume shoulder of the
Gram-Schmidt plot. The SEC-FTIR results for ethylene and propylene crystallinity
agree well with DSC results on the thermal behaviour of the fractions.

2.1.3 Analysis of Thermo-oxidatively Degraded
Polypropylene [83]

Polyolefins are susceptible to degradation which takes place throughout the life
cycle of the material. Degradation occurs during polymerization, processing, appli-
cation and recycling. It influences the polymer properties, thereby limiting the
lifetime of the materials and leading to economic losses [84, 85]. To reduce the
degradation of a particular material, the sources of degradation and the degradation
pathways must be understood. This is a strong motivation to search for new
analytical methods to analyse and monitor the degradation of polyolefins [86]. A
particular aspect is the increasing importance of polymer recycling with the aim not
to downgrade the material.

One can distinguish between photo-oxidative and thermo-oxidative degradation.
Polyolefins can also be attacked by strong acids [87]. The generally accepted free
radical oxidation model of polyolefins involves radical initiation, propagation and
termination reactions [88, 89]. Following an initiation reaction, which usually
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results from the thermal or photo-initiated dissociation of chemical bonds, alkyl
radicals react with molecular oxygen to form peroxy radicals [90]. The oxygen-
containing functionalities like ketones, alcohols, carboxylic acids, esters and
y-lactones are due to the propagation reactions [91-96]. Fractionation is an impor-
tant approach to obtain information about degradation and the distribution of
degradation products. CRYSTAF and TREF separate semi-crystalline polyolefins
based on crystallizability. These methods in combination with spectroscopic
methods shall now be used for the analysis of degraded polyolefins.

2.1.3.1 Aim

In Sect. 2.1.2, the compositional heterogeneity of a commercial IPC was measured
by hyphenation of TREF fractionation with SEC-FTIR analysis. The chemical
composition as function of MMD of all fractions was determined. The morphologi-
cal nature of the components was further confirmed by determination of ethylene
and propylene crystallinity distributions across the MMDs.

In the present application, the thermo-oxidative degradation of IPC shall be
addressed. IPC is degraded at different times and temperatures like in previous
reports on PP and PP-1-pentene copolymers [97, 98]. The bulk sample analysis by
SEC, FTIR, SEC-FTIR, CRYSTAF and DSC is used to monitor the process of
degradation. A degraded sample is fractionated by P-TREF and the fractions are
analysed for molar mass and chemical composition in order to obtain information
on degradation of individual components of IPC. A comparison of two different
IPC samples with regard to chemical composition will be presented. The degree of
degradation as a function molar mass, chemical composition and crystallinity will
be determined for the fractions of degraded materials. Finally, samples shall be
evaluated and compared with respect to thermo-oxidative stability.

2.1.3.2 Materials

e Polymers. The bulk properties of two non-stabilized commercial IPCs from
SASOL Polymers (Secunda, South Africa) are presented in Table 2.3 (samples
were labelled 3V and 4V, O h indicates original samples before degradation). To
prevent degradation during film extrusion and sample preparation, 0.05 % of
phosphite processing stabilizer, Irgafos 168, was added for compounding of the
materials. Dry-blending of the IPC powder and Irgafos 168 was followed by
melt-blending at 200 °C on a Brabender PL 2000-6 single-screw extruder
equipped with a 19 mm diameter screw, length-to-diameter ratio of 25 and
screw speeds of 40-100 rpm. The extrudates were cooled and pelletized. Thin
films (1 g of material, ca. 160 pm) were prepared by compression moulding at
190 °C. A typical compression cycle consisted of melting of the pellets for
1.5 min and compression at 10-12 bar for another 1.5 min, with subsequent
quench cooling in an ice/water mixture.

e Accelerated oven ageing. The thermo-oxidative degradation of thin films at
90 °C and 110 °C was accomplished in a heat-circulating oven with digital
temperature control (SMC manufacturing, Cape Town, South Africa). The
visual (for physical changes) and FTIR (for chemical changes) monitoring of
the degradation followed the degradation process and samples were removed at



37

Temperature Rising Elution Fractionation

2.1

DSA Aq pamseaw “y pue “f [ OHS-LH Aq painseaw "/ py pue iy W SHINN-Dg, A9 PAUILISISP :(WWWIWY,) KJIOTORIOST PUB JUSJUOD SUI[AYIH

SHTL 69°091 8T911 90t 00998 006°1S¢ LT°€8 w9l 40-Av
¥8°€6 96791 SI'8II 81°¢ 009711 00% 7S¢ 78°88 8401 40-A€
&/ “HV (D)L D) "I Wit W (Towy/3) “py (Tow/3) “pm (wwurwg,) Aonoelos| (9p10uwr) [oua[AyH] Spdureg

AV pue A¢ sojdwes D jo senredoid re[nosjow oy jo Arewwing  €°¢ ajqeL



38

2 Crystallization-Based Fractionation Techniques

regular intervals for further analysis. The degradation process was discontinued
when samples snapped or flaked on bending. The degraded films were
homogenized by shredding the film into small pieces and re-melting into a single
film for a very brief time. Films removed from the oven at advanced stages of
degradation were brittle and shattered easily. Plasticity was, however, restored
after the re-moulding process.

2.1.3.3 Equipment

SEC. Polymer Laboratories PL 220 high temperature chromatograph (Polymer
Laboratories, Church Stretton, UK) at 150 °C, equipped with three 300 x 7.5 mm
i.d. PLgel Olexis columns and a differential RI detector. The eluent was TCB
stabilized with BHT, at a flow rate 1 mL/min. Sample concentration was 0.5 mg/
mL in TCB and the injection volume was 200 pL. Calibration was done with PS.
FTIR Spectroscopy. Nicolet Nexus 670 FTIR spectrometer (Thermo Electron,
Waltham, USA). Spectra were recorded from 4,000 to 650 cm™'. Spectra were
obtained from a collection of 64 scans at a resolution of 2 cm™ .

DSC. Mettler 822 DSC instrument (Mettler Toledo, Greifensee, Switzerland),
calibrated with indium metal according to standard procedures, heating rate of
10 °C/min from 25 °C to 200 °C. Data obtained during the second heating cycle
were used for thermal analysis calculations. Measurements were conducted in a
nitrogen atmosphere.

NMR. 600 MHz Varian®™®¥ INOVA NMR spectrometer (Varian, Palo Alto,
USA) operating at 125 MHz for carbon at 120 °C, 5 mm PFG switchable
broadband probe, samples were prepared to a concentration of 6 wt% in
deuterated tetrachloroethane (Aldrich, South Africa), 90° flip angle of approxi-
mately 6 ps, continuous proton decoupling, acquisition time 1.8 s, pulse delay
time 15 s.

TREF . In-house built preparative TREF apparatus. For crystallization, 3 g of
polymer, ca. 2 wt% Irganox 1010 (Ciba Speciality Chemicals, Switzerland) and
300 mL of solvent were placed in a glass reactor and dissolved at 130 °C. The
reactor was transferred to an oil bath maintained at 130 °C. As the crystallization
support, pre-heated sea sand (white quartz; Aldrich, South Africa) was added to
the reactor. The reactor was cooled at the rate of 1 °C/h. A stainless steel column
was packed with the crystallized mixture and transferred to a modified GC oven.
The temperature of the oven was increased at a steady rate while pre-heated
solvent was pumped through the column. Fractions were collected at
pre-determined intervals, solvent was evaporated, fractions were recovered by
precipitation in acetone and then finally dried to a constant weight.

Solvent. Xylene.

TREF column temperature. Temperature gradient between 130 °C and 30 °C.
TREF sample concentration. 3 g of polymer in 300 mL of solvent.

CRYSTAF. CRYSTAF apparatus Model 200 (Polymer Char, Valencia, Spain).
20 mg of the sample was dissolved in 40 mL ODCB. Stainless steel reactors for
crystallization were equipped with an automatic stirring and filtration device and
crystallization was carried out under agitation. The dissolution at 160 °C was
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followed by cooling to 100 °C for stabilization and then to 30 °C at a cooling rate
of 0.1 °C/min. Fractions were collected automatically and an IR detector was
used to determine the concentration of the solution at the chosen wavelength of
3.5 pm.

2.1.3.4 TREF Fractionation and Analysis of Non-degraded Samples
Samples were fractionated by preparative TREF and fractions were collected at
30 °C, 60 °C, 80 °C, 90 °C, 100 °C, 110 °C, 120 °C and 130 °C; see Fig. 2.17.

Although the maxima of the TREF curves at 120 °C are similar for the two
samples, the intensity of the 4V crystallization peak is lower than that of sample 3V
and a larger TREF soluble fraction at 30 °C is detected for sample 4V. The higher
percentage of ethylene comonomer in sample 4V will result in larger amounts of
non-crystallizable material.

To study the heterogeneity of the copolymers, TREF fractions were analysed by
13C-NMR, SEC and DSC. The comonomer content and isotacticity data of the
TREF fractions of the samples as obtained by '*C-NMR are presented in Fig. 2.18a,
b. In both samples, the isotacticity increases with increasing TREF elution temper-
ature indicating that the fractionation of the PP phase is governed by tacticity. The
ethylene content decreases in the same direction. Significant differences are found
between the two samples. In parallel to the increasing isotacticity and decreasing
comonomer content, the melting temperatures increase with increasing TREF
elution temperature; see Fig. 2.18d. For the molar masses of the different fractions,
as obtained by SEC, no clear trend can be observed. However, the soluble fraction
appears to have the highest molar mass, see Fig. 2.18c.

Figure 2.18a shows that for both copolymers the ethylene content decreases
towards higher elution temperatures. The first three fractions of copolymer 4V
contain considerably higher concentrations of ethylene. The next four fractions of
copolymer 4V are similar to copolymer 3V as far as ethylene content is concerned.
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Fig. 2.18 Analytical results for the TREF fractions of IPC samples 3V and 4V, ethylene content
(a), isotacticity (b), average molar masses M,, (¢) and DSC melting temperatures (d) (reprinted
from [83] with permission of Wiley-VCH)

It seems that random copolymer fractions incorporated the excessive ethylene
comonomer introduced during polymerization. This introduces shorter segments
of ethylene and propylene in the EP rubber (EPR) and ‘transition’ copolymers.
Therefore, the nature of random and semi-crystalline EPCs should be more affected
by higher comonomer contents compared to the PP matrix. This is in agreement
with the polymerization process, where iPP is produced in the first reactor while the
formation of EPCs takes place only in the second reactor. In DSC, two melt
endotherms were observed in the 60-100 °C fractions of both samples, see
Fig. 2.18d, indicating that the 60 °C, 80 °C, 90 °C and 100 °C fractions consist of
co-eluting PP with lower isotacticity and semi-crystalline EP copolymers. The
crystallizable ethylene sequences in the EPC phase correspond to the lower of the
two melt endotherms, whereas the higher melt endotherm is due to the propylene
sequences from both the EPC and PP homopolymer phases.

Table 2.4 summarizes the compositional differences between the two samples.
The 30 °C fraction was identified as EPR. The co-eluting components of EPC and
low isotacticity PP with short sequences of ethylene and propylene form the 60 °C
and 80 °C fractions. The same constituents are present in the 90 °C and 100 °C
fractions but with higher isotacticity of PP and longer ethylene and propylene
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Table 2.4 Compositional heterogeneity of IPC samples 3V and 4V

T.

30°C 60-80 °C 90-100 °C 110-130 °C

EPR + ‘Transition’ EPC + low ‘Blocky’ EPC + high Isotactic PP
Sample | aPP isotacticity PP isotacticity PP + PE
3V-0Oh 9.90 6.83 8.86 74.72
4V-Oh |21.11 10.94 8.67 59.28
Fig. 2.19 Carbonyl index 0.8
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sequences. iPP is the major constituent of the 110-130 °C fractions, with traces of
PE homopolymer.

2.1.3.5 Analysis of Degraded Bulk Samples

The accelerated thermo-oxidative degradation of thin films of samples 3V and 4V
was executed under similar conditions. After predetermined times, samples of both
grades were taken from the oven and analysed further. FTIR data and the progress
of embrittlement of complete film areas were used for monitoring the progress of
degradation. The differences in the embrittlement rate of both samples were
compared. The 3V films showed faster embrittlement compared to sample 4V.
The rate and extent of degradation of both samples was compared quantitatively by
means of the carbonyl index. The carbonyl index was calculated as the peak height
ratio of the maximum of the carbonyl band at 1,804—1,580 cm ™! and the reference
band at 840 cm™'; see Fig. 2.19.

Copolymer 3V degraded at a faster rate and with a shorter induction time of
about 40 h compared to sample 4V. Sample 4V showed signs of degradation in the
form of gradual enhancement of the carbonyl index only after 100 h of ageing. A
steady rate of degradation was observed for both samples after the induction period.
However, the steeper slope of the carbonyl index curve of sample 3V indicates the
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Fig.2.20 Comparison of M,, decrease of samples 3V and 4V as a function of degradation time (a)
and carbonyl index (b) (reprinted from [83] with permission of Wiley-VCH)

faster degradation rate compared to sample 4V. The decrease in M,, with increasing
degradation time is presented in Fig. 2.20a. The M,, changes as a function of the
carbonyl index (obtained with ongoing degradation) for both the samples are
presented in Fig. 2.20b. The different rates of degradation can be seen clearly by
changes in molar mass upon ongoing degradation, despite of the fact that the
nondegraded samples have identical molar masses. The molar mass decrease to
approximately 250,000 g/mol was noted during the first stages of degradation (up to
40 h and 115 h for samples 3V and 4V, respectively). However, the M, decrease for
sample 3V was considerably faster compared to sample 4V after longer degradation
times. This confirms the higher degradation rates in the copolymer with lower
contents of comonomer and isotacticity.

The thermal behaviour of the two samples is presented in Fig. 2.21, showing the
changes in CRYSTAF T, as well as DSC T, T;,, and AH,,.

The three molecular parameters, namely carbonyl index, molar mass and either
CRYSTAF T, or DSC T, or T,,, can be combined to study the effect of molar mass
and carbonyl concentration on the crystallization and melting temperature of the
degraded copolymers; see Fig. 2.22a, b. The influence of degradation on the
interrelationship between three seemingly independent parameters is clearly
indicated by these presentations, irrespective of the different time scales of the
degradation of IPC samples 3V and 4V.

2.1.3.6 TREF Fractionation and Analysis of the Degraded Samples

The degraded samples were recrystallized in TREF. The same fraction collection
TREF profile as for the nondegraded samples was used. The nondegraded and
degraded samples were compared at different degradation times with regard to the
weight fractions per temperature increment (W;%/AT); see Fig. 2.23. The crystalli-
zation peaks shifted to lower temperatures from 120 °C for nondegraded and
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Fig. 2.21 Comparison of the changes in crystallization and melting behaviour as a function of
degradation time for samples 3V (a) and 4V (b) (reprinted from [83] with permission of Wiley-
VCH)

slightly degraded samples to 110 °C for samples degraded for longer times.
CRYSTAF measurements show the selective degradation of the higher isotacticity
fractions. The results are confirmed by the decrease in intensity and shift towards
lower values for crystallization peak temperature along with an increase in the
amount of material eluting at the lowest elution temperature.

The SEC results of selected fractions of the degraded samples are shown in
Fig. 2.24. For the highest eluting fractions, the shifts in molar mass of the two
samples are very similar. This is expected, because these fractions consist mainly of
iPP. The 60-90 °C fractions exhibit bimodal distributions due to low isotacticity PP
and EPC. As can be expected, little differences are observed between the samples in
terms of molar mass changes of the low isotacticity PP component. The EPC
component, however, shows slightly different molar mass shifts in the two samples.
The most significant differences in the molar mass changes are, however, seen
within the 30 °C fractions. These fractions consist mainly of EPR. The higher
comonomer content and lower isotacticity of EPR of sample 4V seemingly make it
more stable than sample 3V. The stability of the 60-90 °C fractions of sample 4V
seems to be improved by the higher ethylene content.

The results indicate a longer induction period and slower increase in carbonyl
functionalities, as well as a slower decrease in M,, for sample 4V. The delayed
onset and slower oxidation rate in IPCs with higher ethylene content are attributed
to the introduction of more stable ethylene units in the polymer chain. The number
of tertiary PP carbons that can undergo dissociation reactions is believed to be
eliminated by the presence of ethylene units. The presence of the 3; helix in
crystalline PP promotes the bimolecular decomposition reaction that is of lower
activation energy than the unimolecular decomposition occurring in more random
conformations; hence, higher isotacticity of the PP unit also increases the rate of
oxidation. The samples currently being studied have only small differences in
ethylene content and isotacticity, and relatively large differences in the amount of
amorphous material. Nonetheless, they show a considerable difference in their
degradation behaviour. The analysis of the fractions of both copolymers by SEC



44 2 Crystallization-Based Fractionation Techniques

a
84
R R v A = 3V
O 8 v 4V
S
Z
< 80
¢
[\
O 78
76 A2 > - 400000
. N 00000 "
03 200000 \.&‘\
0.4 Q&
Carg, 100000 &
RN 0 &
A 0.8 N
X @0\8
b 164
160 a3V
v 4V
€
S 156
)
o
400000
300000 N
o
WO
\
e°\>\®
\\\o\

Fig. 2.22 Comparison of differences in the relationships between carbonyl index, molar mass and

CRYSTAF T, (a) and DSC T, (b) for samples 3V (squares) and 4V (triangles) (reprinted from
[83] with permission of Wiley-VCH)

and DSC agreed quite well. The 30 °C and 90 °C fractions of samples 3V and 4V
show slight differences in their molar masses. The fractions collected at similar
TREF elution temperatures for both products have almost identical T,, and T,
values. The similarity in distribution of isotacticity of the PP phase and the
sequence length of ethylene and propylene of the EPC component of corresponding
fractions of the two copolymers is illustrated by the results. However, weight
percentages of the fractions eluting at corresponding elution temperatures are
different for the two samples. For copolymer 4V, larger amounts of amorphous
fractions (30-90 °C) and smaller amounts of more crystalline fractions (110 °C and
120 °C) are collected during P-TREF compared to product 3V. Similar amounts
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Fig. 2.23 TREF weight fraction per temperature increment curves (W;%/AT) for the degraded
samples 3V (a) and 4V (b) at different degradation times (reprinted from [83] with permission of
Wiley-VCH)

were obtained for the middle fraction collected at 100 °C. The subsequent analysis
of the fractions by 13C-NMR, DSC, SEC and CRYSTAF demonstrated that the
major constituents of the corresponding fractions of both products are the same;
only the amounts differed.

Sample 4V showed a delayed induction and a slower oxidation rate. The reason
for this behaviour is the higher ethylene content and lower isotacticity of the bulk
sample. Further explanations of this behaviour include the relative amounts of the
four major components within the two samples. Larger concentrations of amor-
phous EPR and transition EPC accompanied by a lower concentration of iPP were
found in copolymer 4V by TREF analysis of the nondegraded sample. iPP degrades
preferentially, for reasons explained earlier, despite of the presence of large
amounts of amorphous material. Data from hyphenation of TREF fractionation
with '*C-NMR suggested that in the polymerization of sample 4V, the excess
ethylene that is added during the second stage is located in the EPR and the
transition EPC fractions.

The degradation behaviour of the two samples shows interesting trends. The
most important factors that determine the degradation behaviour are the amount and
distribution of ethylene in the four components of IPC. An increase in ethylene
content induces higher chemical stability and a barrier effect of the comonomer in
intrachain hydroperoxide formation. These effects account for the increase in
oxidation induction time and stability. The morphology of IPCs is also affected
by the amount of ethylene. The morphological variations include the shapes and
sizes of the dispersed EPR phase and the nature of the segmented EPCs that act as
compatibilizer at the interface between the EPR inclusions and the iPP matrix. The
role of this interface is vital in the migration and combination of free radicals during
the degradation of heterophase EPCs. It is therefore concluded that the stability
differences between the two grades are attributed to their morphological disparity.
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Fig. 2.24 Changes in molar mass distributions of TREF fractions from degraded samples 3V (a)
and 4V (b). Sample codes are as follows: first number—degradation time in h, second number—
TREF elution temperature (reprinted from [83] with permission of Wiley-VCH)

The unique morphology of these copolymers plays a very important role in
governing the degradation, along with the effect of chemical composition.
The study was extended to thicker specimens where oxygen diffusion is expected
to play a greater role. FTIR microscopy and a conventional technique involving
layer-by-layer milling followed by SEC, FTIR and CRYSTAF analyses were used
to study the spatial heterogeneity within the copolymers 3V and 4V [99]. Details of
hyphenation of TREF-SEC-FTIR are discussed in [100].



2.2 Crystallization Analysis Fractionation 47

2.2  Crystallization Analysis Fractionation

Besides all the merits of TREF, one of the important shortcomings is the very long
time that is required for the slow crystallization and elution steps. This makes a
TREF experiment a very time-consuming procedure that requires from a few hours
to a few days, depending on the experimental protocol. CRYSTAF was developed
by Monrabal in 1999 to overcome this problem and to speed up the CCD analysis of
olefin copolymers [8, 101]. CRYSTAF is based on the same principles of separation
by crystallizability from dilute solutions but, instead of two steps—crystallization
and elution, it makes use of only one step—crystallization. This crystallization
takes place in a stirred vessel with no support. The polyolefin sample is dissolved at
high temperature, followed by a slow decrease of the temperature of the solution.
Depending on the composition of the sample, fractions of different crystallizability
(chemical composition) precipitate out of solution at different temperatures.

The crystallization process is continuously monitored as a function of tempera-
ture using a suitable detector, typically a dual wavelength IR detector. Aliquots of
the polymer solution are analysed by the detector after filtration through the internal
filter in the vessel. The detector reading is assumed to provide relative concentra-
tion information. Consequently, a profile of polymer concentration in the solution
as a function of temperature is obtained; it is termed as a cumulative CRYSTAF
profile. As the temperature of the solution is decreased, an increasing fraction of
polymer in solution crystallizes out and, accordingly, polymer concentration in
solution decreases. Similar to TREEF, a correlation between polymer concentration
in solution at a given temperature and chemical composition is developed through a
calibration curve. Copolymer standards with narrow CCDs are used to create the
calibration curve for particular experimental conditions (cooling rate, comonomer
type, solvent, etc.). The typical means of obtaining polyolefins with narrow CCDs
are P-TREF fractionation or direct synthesis using single-site catalysts.

Polymer Char (Valencia, Spain) is the only supplier of CRYSTAF instrumenta-
tion; the schematic diagram of their commercial version is illustrated in Fig. 2.25.
The instrument is equipped with five stainless steel crystallization vessels with
stirrers and a temperature programmable oven for parallel analysis. A nitrogen line,
a waste line and a sampling line with an inline filter are provided to all five vessels.
A dual wavelength online IR detector is connected to the sampling line. The
detector is also heated to 150 °C and polymer concentration in solution as a function
of temperature is measured. A good solvent for the polymers such as TCB is used
for dissolution of the sample, while keeping the concentration of the polymer in
solution between 0.1 mg/mL and 1.0 mg/mL. Interchain interactions and
co-crystallization could occur if higher concentrations are used. On the other
hand, low concentrations can lead to poor signal-to-noise ratio (SNR). Experience
and literature suggest that the most suitable stirring rate during dissolution and
stabilization is 200 rpm. The stirring rate should be reduced to 100 rpm during
crystallization. The Co-crystallization should be avoided by cooling at a very slow
rate. A typical cooling rate is kept at 0.1-0.2 °C/min during the crystallization step.
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Fig. 2.25 Systematic diagram of a CRYSTAF instrument (Polymer Char, Spain) (screenshot
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Fig. 2.26 Cumulative and differential CRYSTAF profiles of a blend of HDPE and PP

The differentiation of the integral CRYSTAF profile at each temperature provides
the amount of polymer crystallizing at each temperature. The CRYSTAF plot
presents the polymer crystallized as a function of temperature. It is the most widely
used and lucid representation of CRYSTAF results. Figure 2.26 depicts the integral
and differential profile for a blend of HDPE and PP. The molar mass of the polymer,
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Fig. 2.27 TREF and CRYSTAF analysis of PE-PP combinations showing the different fraction-
ation capabilities (reprinted from [9] with permission of Springer Science + Business Media)

the comonomer type and content, the cooling rate and co-crystallization effects must
be taken into account for reliable CRYSTAF profiles, as is the case with TREF.
Comprehensive reviews on crystallization-based techniques summarize the state of
the art up to 2005 [12, 102]. More recent information is given in [9, 10].

As pointed out earlier, CRYSTAF was developed originally as a faster version of
crystallization fractionation and it was assumed that TREF and CRYSTAF would
produce similar results. This is not entirely correct, as can be seen from a compari-
son that was presented by by Monrabal [9]. TREF data are generated in the
dissolution step while CRYSTAF data refer to the crystallization step. Each step
works differently, e.g. for iPP, PE and EP copolymers; see Fig. 2.27. In TREF, iPP
and PE are adequately fractionated, with iPP eluting at a higher temperature. This is
not the case in CRYSTAF due to the undercooling effect for iPP resulting in
crystallization of iPP and PE at nearly the same temperature. On the other hand,
CRYSTATF fractionates EP and PE adequately, while in TREF the resolution of this
fractionation is rather poor.
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2.2.1 Characterization of Homogeneous Ethylene-Octene
Copolymers [103]

For the last 30 years LLDPE has been produced mainly using multiple-site
(Ziegler—Natta, ZN) catalysts. These copolymers have broad (multimodal) CCDs,
which has a strong impact on product performance. The CCD of olefin copolymers
is also referred to as short chain branching distribution (SCBD).

The fractionation of EO copolymers by TREF has been discussed in Sect. 2.1.1.
It has been shown that ZN LLDPEs contain a highly crystalline fraction of HDPE
and fractions of very low crystallinity that have high comonomer contents.

2.2.1.1 Aim

In the present application, the CCD of homogeneous EO copolymers shall be
analysed by CRYSTAF. Such LLDPEs are typically produced by using a single-
site (constrained geometry) catalyst. The correlation between crystallization tem-
perature and comonomer content shall be investigated and the data shall be used for
calibrating CRYSTAF/TREF. Finally, the behaviour of these homogeneous
LLDPEs shall be compared to a commercial ZN LLDPE.

2.2.1.2 Materials

e Polymers. A series of 17 samples of EO copolymers produced by Dow Chemical
in a solution process with a constrained geometry catalyst, sample densities
0.868—0.935 g/cm3 , melt indexes (at 190 °C, with 2.16 kg, according to ASTM
D1238) are 0.5-30 dg/min.

2.2.1.3 Equipment

e CRYSTAF system. Commercial CRYSTAF instrument model 100 (Polymer
Char, Valencia, Spain).

e Detector. Built-in dual wavelength IR detector with heated flow-through micro
cell at 150 °C.

e Solvent. TCB.

e Crystallization protocol. Crystallization between 90 °C and 30 °C (in selected
cases between 90 °C and 5 °C) at a rate of 0.2 °C/min.

e Sample concentration. 30 mg in 30 mL TCB.

2.2.1.4 Preparatory Investigations
As a first step of the investigation, the homogeneous EO copolymers were
measured. Figure 2.28 shows the CRYSTAF curves of three representative
samples. As expected, the samples exhibit monomodal and narrow crystallization
profiles, which are a clear indication of their narrow CCDs.

The CRYSTAF results of all samples are summarized in Table 2.5 and compared
to other analytical data.

The calculation of the weight and number average crystallization temperatures
Ty, and T,, respectively, and the parameters measuring the broadness of the CCD,
are as follows:
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Fig. 2.28 CRYSTAF
analysis of three
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Table 2.5 CRYSTAF and analytical results for EO copolymer samples (reprinted from [103]
with permission of J. Wiley & Sons)

T. (°C) Ty (°C) Sigma R Weight % Octene Density M.L
8.9 6.8 52 - 41 0.868 0.5
16.2 13.7 7.3 - 38 0.875 3
23.1 12.4 12.8 - 36 0.88 18
32 27.2 9.9 - 30.6 0.885 1
40.7 38.1 7.7 - 23.1 0.895 1.6
50.9 47.4 8 6 19.1 0.902 1
49.5 47.4 6.3 2.3 19.5 0.902 3
48.8 459 7.9 10.5 19.3 0.902 3
45.5 41.2 9.8 14.2 19.7 0.902 30
59.1 574 4.9 1 13.8 0.91 0.5
58.7 57.3 4.3 0.6 14.3 0.91 1
56 54.7 5.5 1.2 15.1 0.91 3.5
59.4 56.7 6.5 1.8 14.8 0911 6
56.6 52.1 8.7 3.7 15.1 0.913 30
57 50.3 9.3 4.6 15.2 0.913 30
64.8 63.6 4.2 0.5 10.8 0.915 1

2
78.7 78.1 4.1 0.5 2.5 0.935

T. is the peak crystallization temperature, T, is the weight-average crystallization temperature,
Sigma and R are parameters defining the broadness of the CCD as per equations 2.3 and 2.4
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2.2.1.5 Discussion and Evaluation

As is seen in Table 2.5, most of the copolymer samples exhibit narrow CCDs. This
makes them good candidates as calibration standards for CRYSTAF and TREF.
Such calibrations are required to relate the crystallization (or elution) temperature
to the comonomer content. For such copolymers, it is assumed that they are strictly
linear and do not have long chain branches. Based on comonomer contents,
analysed by '>C-NMR spectroscopy, a calibration plot of crystallization tempera-
ture vs. wt% octene can be constructed. As is seen in Fig. 2.29, a straight line is
obtained that indicates (1) a good correlation with the equilibrium theory of Flory,
and (2) the crystallization temperature is practically independent of molar mass (see
melt index in Table 2.5).

The present calibration curve can be used to quantify the CCD of EO copolymers
irrespective of their origin and production process. As an example, the CRYSTAF
analysis of a heterogeneous ZN LLDPE material is shown in Fig. 2.30.

In contrast to the CCDs in Fig. 2.28, this polymer shows a broad CCD, with a
component that crystallizes at high temperature (HDPE), a range of components
that crystallize between 70 °C and 30 °C (crystallizable EO copolymers with
increasing EO contents) and non-crystallizable components (EO copolymers with
a high octene content). In CRYSTAF, the non-crystallizable (soluble) components
are presented as a rectangular concentration profile. The temperature axis as shown
in Fig. 2.30 can be converted into a ‘wt% octene’ axis using the calibration curve in
Fig. 2.29.
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Fig. 2.30 CRYSTAF ol
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2.2.2 Analysis of Blends of Polyethylene and Polypropylene [104]

Polymer blends are very important commercial materials that combine useful
properties of different polymers in a single product without involving any chemical
reaction. The approach provides a good alternative to developing new tailor-made
polymeric structures. The blending is a particularly feasible and commercially
viable approach for polyolefins. Polyolefin blends ranging from blends of
homopolymers to blends of homo- and copolymers are commercially available to
achieve some selected application properties.

There are no universal methods available for the identification and quantitative
determination of blend components and this is a demanding analytical challenge.
The most widely used techniques for this purpose are spectroscopic techniques such
as FTIR and NMR. These are averaging techniques; they are unable to differentiate
between mixtures of two homopolymers and a copolymer with similar chemical
compositions. Therefore, a separation step is often required prior to spectroscopic
analysis for proper characterization of these complex polymers. This is particularly
challenging for polyolefin blends because they dissolve only at high temperatures.

The most widely used method to separate polymer blends is the separation
according to molar mass by SEC. This is only a viable method if the blend
components have sufficiently different molar masses. DSC or TREF provide
other approaches for compositional analysis by determining the melting and crys-
tallization behaviour, respectively. DSC is advantageous in the analysis of blends
due to the required equipment being simple and widely available. Another advan-
tage of using DSC for blend analysis is that very small amounts of components can
be detected. However, quantitative analysis by DSC is problematic. Thermal
history problems that must be considered in DSC are eliminated in TREF as
crystallization takes place from dilute solutions. TREF has been successfully used
for the separation of copolymers and polymer blends [16, 105—109]. The separation
and quantification of different components of the blends of HDPE, LDPE, LLDPE
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and PP are possible. The long analysis times and the inefficiency in separating PE
and EP copolymers are the only limitations of TREF.

2.2.2.1 Aim

In the present application, the capabilities of CRYSTAF for the fractionation of
polyolefin blends shall be explored. CRYSTAF is faster than TREF and is based on
a single crystallization step of the blend components out of the solution. The
detection limit of each component shall be determined and compared to DSC for
investigation of blends of metallocene-catalysed PE and PP. The successful sepa-
ration and quantification of blends of commercial HDPE, LDPE and PP shall be
demonstrated. Finally, the analysis of recycled polyolefins by CRYSTAF shall be
discussed. It shall be demonstrated that CRYSTAF can be the workhorse of the
polyolefin industry for routine analysis of complex polyolefin blends to obtain
direct quantitative results.

2.2.2.2 Materials
e Polymers. Laboratory products of metallocene-catalysed PE and PP, and com-
mercial HDPE, LDPE and PP.

2.2.2.3 Equipment

e CRYSTAF system. CRYSTAF instrument model 200 (Polymer Char, Valencia,
Spain).

e Detector. Built-in dual wavelength IR detector with heated flow-through micro
cell at 150 °C.

e Solvent. TCB.

e Crystallization protocol. Crystallization between 100 °C and 30 °C, at a rate of
0.1 °C/min.

e Sample concentration. 30 mg in 30 mL TCB.

¢ DSC. Perkin-Elmer DSC 7 (Perkin-Elmer, Waltham, USA), heating and cooling
rates of 10 °C/min were applied. DSC curves of the second heating cycle were
used for analysis.

* SEC. Waters 150 HT-SEC apparatus (Waters Inc., Milford, USA) equipped with
a differential refractometer, oven temperature 145 °C, mobile phase TCB,
column set: Styragel 500 A +HT3 +HT4 + HT5 + HT6, flow rate 1 mL/min.

2.2.2.4 Preparatory Investigations

Blends of metallocene-catalysed PE and PP were analysed by SEC and DSC as a
first step. The molar masses of the blend components (PE 342 kg/mol and PP
143 kg/mol) are not very different. Therefore, SEC was not the technique of choice
for this separation. The MMDs for PE/PP blends of varying compositions are
shown in Fig. 2.31.

DSC separates with regard to melting or crystallization temperatures. PE melts
at 132 °C while PP melts at 147 °C. The difference is sufficiently large to obtain
well resolved melting peaks. As long as the concentration of PP exceeds 20 %, both
components can be easily identified; see Fig. 2.32. For blends containing low
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amounts of PP, it is difficult to detect the PP peak in a routine experiment. The melt
enthalpy is a function of crystallinity and thermal history of the sample; therefore,
quantitative information on blend composition is rather difficult to obtain, unless
further information on the samples is obtained by additional measurements.

2.2.2.5 CRYSTAF Fractionations
The CRYSTAF results of a variety of PE/PP blends are presented in Fig. 2.33. The
crystallization temperatures of the blend components are clearly different. PE
crystallizes at higher temperature (86.3 °C) compared to PP (70.5 °C). Narrow
and well resolved crystallization peaks are obtained for both PE and PP. A true
concentration profile is obtained directly, unlike with DSC. Therefore, the relative
concentrations of the components can be calculated directly from the experimental
results without further assumptions.

In contrast to DSC, very low concentrations of the blend components can be
detected, as seen in Fig. 2.33. The detection limits for both components are very low
(5 wt% for PP and 2-3 wt% for PE). As can be seen in Fig. 2.34, the experimental
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Fig. 2.32 DSC analysis of metallocene-catalysed PE and PP and PE/PP blends (reprinted from
[104] with permission of Wiley-VCH)

blend composition as calculated by CRYSTAF agrees quite well with the nominal
composition of the samples over the entire range of compositions.

2.2.2.6 Discussion and Evaluation

ZN-catalysed polyolefins and their blends still dominate industrial applications.
DSC is not capable of analysing different blends of HDPE and LDPE because the
melting temperatures of both components are quite similar and the DSC peaks are
rather broad. The CRYSTAF analysis revealed excellent separation of blends with
varying compositions of HDPE (Lupolen 52617) and LDPE (Lupolen 1800H), as
can be seen in Fig. 2.35. The sharp crystalline peak for HDPE appeared at 88.0 °C
and a small fraction of less than 5 % crystallized at lower temperature suggesting
small amounts of less crystalline PE. At an even lower temperature of 59.1 °C, a
broad crystallization peak for LLDPE is obtained.

The CRYSTAF analysis revealed well separated crystallization peaks for blends
of HDPE and LDPE that can be quantified easily in the composition range of
HDPE/LDPE 90/10 to 10/90. The lower detection limit for HDPE is less than
4 wt% in this case. The detection limit for LDPE is higher because HDPE itself
contains some less crystalline material. The lower detection limit for LDPE in the
present case is 10 wt%. Figure 2.36 demonstrates the comparison of CRYSTAF
results with the nominal composition of the sample. Excellent agreement is found
over the entire range of compositions.

An increasingly important topic is the characterization of waste plastics or
materials resulting from recycling processes. Recycled plastics frequently contain
several diverse components and these must be analysed with regard to their PP,
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Fig. 2.33 CRYSTAF analysis of metallocene-catalysed PE and PP and PE/PP blends (reprinted
from [104] with permission of Wiley-VCH)

HDPE and LDPE contents. DSC can be used to determine PP in such materials but
as explained earlier the determination of the ratio of HDPE and LDPE in such
materials by DSC is rather difficult. CRYSTAF is the method of choice for the
analysis of such materials and three components can be easily identified and
quantified. Figure 2.37 displays a comparison of CRYSTAF and DSC results of a
waste plastic material. The three components, namely HDPE, PP and LDPE, can be
recognized by their crystallization peaks and the peak areas directly reveal the
concentration of the components. The crystallization peaks of the three components
show slight overlapping. Nonetheless, the relative amounts of the three components
can be determined to be about 40/27/33 wt%.
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Fig. 2.34 Comparison of experimental and nominal PP content in PE/PP blends (reprinted from
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2.2.3 Analysis of Copolymers of Propylene and Higher

a-Olefins [110]

Random copolymers of ethylene and higher a-olefins are important commercial
materials that are typically classified as LLDPE. In contrast to the technical
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applications of LLDPE, random copolymers of propylene and higher a-olefins are
less frequently investigated and used. Most of the work that has been done over the
years has dealt with copolymers of propylene and ethylene, one example being
IPCs; see, e.g. Sect. 2.1.2.

As has been discussed earlier (Sect. 2.2.1) there is a direct correlation between
the crystallization temperature and the copolymer composition. This has been
documented for LLDPEs with butene, hexene or octene as comonomers. The
crystallization behaviour of random copolymers of ethylene was reviewed by
Alamo and Mandelkern [111]. According to them, a linear relationship describes
the melting temperature of ethylene/higher a-olefin copolymers versus the como-
nomer content up to 4 mol%. The type of comonomer has no effect on the melting
temperature. In agreement with these findings, the CRYSTAF and TREF analysis
of narrow LLDPE fractions revealed a linear correlation between crystallization
temperature and comonomer content [8, 16]. The CRYSTAF and TREF apparatus
were calibrated by the crystallization temperature of single-site ethylene-1-octene
(EO) copolymers and the calibration was subsequently used for the analysis of
broadly distributed industrial LLDPE samples [103].

2.2.3.1 Aim

There are numerous studies on the melting and crystallization behaviour of
ethylene-a-olefin copolymers. However, copolymers based on propylene have not
received much attention. In the present study, these copolymers shall be
investigated by DSC and CRYSTAF. The influence of the comonomer shall be
investigated for propylene copolymers with 1-octene, 1-decene, 1-tetradecene and
1-octadecene.

2.2.3.2 Materials

e Polymers. The copolymerizations were conducted according to the procedure
described in [110]. The catalyst was (CHj3),Si(2-methylbenz[e]indenyl)ZrCl,.
The copolymer compositions are summarized in Table 2.6. The molar masses
were determined by SEC.

2.2.3.3 Equipment

e CRYSTAF system. CRYSTAF instrument model 200 (Polymer Char, Valencia,
Spain).

e Detector. Built-in dual wavelength IR detector with heated flow-through micro
cell at 150 °C.

* Solvent. TCB.

e Crystallization protocol. Crystallization between 100 °C and 30 °C at a rate of
0.1 °C/min.

e Sample concentration. 20 mg in 30 mL TCB.

e DSC. Pyris 1 (Perkin-Elmer, Waltham, USA). Samples were cooled to —50 °C
and then heated to 180 °C. From 180 °C, samples were again cooled to —50 °C.
The cooling rate was kept at 10 °C/min. T, was determined from the maximum
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Table 2.6 Comonomer content, melting temperature T, crystallization temperature from melt
T, (melt) (DSC), crystallization temperature from solution 7. (sol) (CRYSTAF), molar masses and
molar mass dispersities (adopted from [110] with permission of Wiley-VCH)

TC TC
Comonomer T (melt) (sol)

Sample | Comonomer (mol-%) O “0) “0) My (g/mol) | My /M,
3.1 None 0 149.0 | 1124 75.4 460,700 2.80
8.8 1-Octene 0.47 141.1 101.6 66.4 600,200 2.34
8.5 0.55 140.1 ]99.0 62.9 539,700 2.47
8.7 0.57 142.1 | 99.1 63.7 421,500 2.19
8.4 0.86 137.1 |90.0 58.9 456,900 2.25
8.6 1.27 125.7 |77.4 50.8 156,200 3.11
8.2 2.89 108.2 | 66.7 349 303,800 1.94
8.9 343 106.4 | 64.8 30 304,500 2.15

10.6 1-Decene 0.42 1459 |96.4 63.4 466,200 2.30

10.8 0.47 144.4 |98.6 65.9 448,800 2.64

10.7 0.72 140.6 |95.2 58.3 428,300 2.24

10.5 0.78 1459 | 100.9 63.7 272,100 2.28

10.4 1.07 138.2 | 89.7 57.1 427,700 2.21

10.3 1.39 128.1 | 84.7 49 372,700 2.39

10.2 2.31 1154 |67.0 38.7 297,400 2.10

10.9 2.39 1119 |70.1 30 346,800 2.05

14.8 1-Tetradecene | 0.26 144.1 |98.2 65.8 282,700 2.29

14.7 0.5 1432 |96.2 59.4 240,700 2.14

14.4 0.63 142.3 |93.2 57.7 572,300 2.23

14.5 0.68 136.3 |91.9 55.2 553,500 2.54

14.6 0.77 1443 | 944 60.1 369,700 2.35

14.3 0.89 130.8 | 89.7 51.5 639,200 2.51

14.1 1.05 126.5 |81.7 47 413,200 2.15

14.10 2.33 1145 |66.9 34.5 415,500 2.15

14.2 2.76 108.4 | 64.3 30 395,100 2.31

18.6 1-Octadecene 0.47 143.3 | 101.5 61.4 279,700 2.21

18.8 0.51 142.1 106.3 62.9 223,700 2.44

18.4 0.66 139.1 |94.3 59 764,300 2.20

18.5 0.81 137.8 | 88.9 55.5 486,200 2.27

18.10 1.09 1314 |86.9 50.6 494,600 2.05

18.9 1.49 1274 |86.4 45 307,700 2.02

18.11 1.89 122.8 | 81.5 38.7 442,000 1.99

18.2 2.04 1245 |- 41.2 380,500 1.95

of the exotherm in the cooling cycle. While the sample was heated from
—50 °C to 180 °C at a heating rate of 10 °C/min, the melting endotherm was
recorded. T,, was determined from the peak maximum of the second heating
cycle.
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Fig. 2.38 DSC analysis of metallocene-catalysed propylene-a-olefin copolymers, second heating
cycle, comonomer 1-octene (a), comonomer 1-octadecene (b) (reprinted from [110] with permis-
sion of Wiley-VCH)
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Fig. 2.39 DSC analysis of metallocene-catalysed propylene-a-olefin copolymers, first cooling
cycle, comonomer 1-octene (a), comonomer 1-octadecene (b) (reprinted from [110] with permis-
sion of Wiley-VCH)

2.2.3.4 CRYSTAF and DSC Measurements

The copolymers were prepared by solution polymerization using a single-site
catalyst. Conversions were kept to below 50 %. Comonomer contents were
restricted to an upper limit of 3.5 mol%. "*C-NMR spectroscopy was used to
determine the amount of comonomer incorporated into the copolymer. All
copolymers had high molar masses and low molar mass dispersities. The analytical
data for the copolymers are summarized in Table 2.6.

The discussion of the thermal behaviour of the copolymers focuses on the
1-octene and the 1-octadecene copolymers as the two extremes. Their DSC heating
and cooling curves are summarized in Figs. 2.38 and 2.39. The DSC curves are
positioned according to the amount of comonomer incorporated. The peak melting
temperature, Ty,, was recorded from the maximum of the endotherm and the
crystallization temperature from melt, 7, (melt), was recorded from the maximum
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Fig. 2.40 CRYSTAF analysis of metallocene-catalysed propylene-a-olefin copolymers, como-
nomer 1-octene (a), comonomer 1-octadecene (b) (reprinted from [110] with permission of Wiley-
VCH)

.
Comonomer content [mol-%| Comonomer content [mol-%]

Fig. 2.41 Melting temperature Ty, (a) and crystallization temperature T, (melt) (b) as a function
of copolymer composition, determined by DSC (reprinted from [110] with permission of Wiley-
VCH)

of the exotherm. The melting temperatures obtained during the second heating
cycle were considered in order to ensure identical thermal histories of the
investigated copolymers.

The CRYSTAF analysis of the 1-octene and the 1-octadecene copolymers is
shown in Fig. 2.40. Copolymers with higher comonomer contents (e.g. entries 8.2
and 18.11) partially crystallize at temperatures lower than 30 °C. This is not
relevant in the current study because only the peak maximum temperatures are
used in the discussion.

2.2.3.5 Discussion and Evaluation

The dependence of the melting temperature determined by DSC follows the
expected linear relationship according to the Flory—Huggins theory. As expected,
the nature of the comonomer does not influence the melting point depression.
Figure 2.41a demonstrates the melting points of all synthesized propylene/a-olefin
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Fig. 2.42 Crystallization
temperature 7. (sol) as a
function of copolymer
composition, determined by
CRYSTAF (reprinted from
[110] with permission of
Wiley-VCH)
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copolymers as a function of the comonomer content. It can be clearly seen that
melting point depression is independent of the type of comonomer. The molar mass
of the copolymers was not treated as an independent variable as the molar masses
were sufficiently high not to be an influencing factor.

For the investigation of the crystallization behaviour, a constant cooling rate was
applied to the crystallization from the melt (DSC) and from dilute solution
(CRYSTAF). It is well accepted from TREF studies of polyolefins that above a
molar mass of 15 kg/mol the crystallization behaviour is independent of the chain
length [5]. The molar masses of propylene/higher a-olefin copolymers in the
current study are well above this threshold; therefore crystallization behaviour is
presumed to be independent of molar mass. DSC measurements provided T, (melt),
and are plotted against comonomer content of all copolymers; see Fig. 2.41b. The
decrease of T, (melt) with increasing comonomer content seems to be independent
of the nature of the respective comonomers. The explanation given earlier for
depression in the melting point being independent of the comonomer type is valid
in this case too. After plotting the peak crystallization temperature from solution, T
(sol) obtained by CRYSTAF versus the amount of comonomer incorporated, a
straight line relationship is found. Similar to T,, and T, (melt), T, (sol) is indepen-
dent of the nature of the comonomer; see Fig. 2.42.

All the illustrated regression curves summarized in Fig. 2.43 follow the linear
relationship y = —Ax + B. The degree of the temperature depression for the melting
process or the crystallization from melt as well as from dilute solution is described
by coefficient A that is constant within experimental error, as can be seen in
Table 2.7. The parallel lines for the regression curves in Fig. 2.43 manifest this
fact. However, the crystallization from dilute solution occurs at significantly lower
temperature than the crystallization process from melt.

It is important to mention here that the comonomers used in the current study had
sufficiently bulky side chains to be excluded from all crystalline structures. The
effect of lower a-olefins might not be the same. The copolymers composed of
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Fig. 2.43 T, T. (melt) and = melting temperature (DSC)
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permission of Wiley-VCH)

Temperature [°C)
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Table 2.7 Regression curves calculated using least square regression analysis assuming the
function y = —Ax+B (y = melting/crystallization temperature in °C, x =comonomer content in
mol%)

A (°C/mol%) B (°C) R?
Melting (DSC) 14.1+0.7 149.1+1.0 0.93
Crystallization (DSC) 142409 104.7+1.3 0.88
Crystallization (CRYSTAF) 13.7+0.8 68.6+1.1 091

The best fit was obtained with the constants A and B. The coefficient of fit was R? (adopted from
[110] with permission of Wiley-VCH)

propylene-1-butene showed crystalline behaviour over the entire range of
compositions, indicating the co-crystallization of 1-butene with propylene [112].

2.3 Crystallization Elution Fractionation

A further refinement of crystallization-based fractionation techniques was recently
introduced by Monrabal et al. with the development of crystallization elution
fractionation (CEF) [113]. Combining the advantages of TREF and CRYSTAF,
the aim of CEF is to improve the separation and to decrease the fractionation time.
This is achieved by using dynamic crystallization as the first step of the process. In
TREF, crystallization takes place in the column statically and all polymer fractions
crystallize on the solid support at the same location, forming onion-like crystalline
layers; see Fig. 2.1. In CEF, crystallization of the different polymer fractions takes
place at different locations in the column. This is achieved by applying a small flow
of the solvent in the column.

Figure 2.44 demonstrates the differences between normal TREF, dynamic crys-
tallization and CEF. Figure 2.44a depicts the typical TREF process, where the first
step is sample loading at high temperature, followed by stepwise crystallization of
the polymer components by crystallizability. The same sample loading is the first
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Fig. 2.45 Separation of two metallocene-type resins of very similar densities by TREF and CEF,
cooling rate 2 °C/min, CEF crystallization flow 0.4 mL/min, elution flow 1 mL/min (reprinted
from [9] with permission of Springer Science + Business Media)

step in dynamic crystallization where a continuous solvent flow is maintained
through the column during the cooling process; see Fig. 2.44b. The polymer
components that reach their crystallization temperatures will segregate and anchor
on the support while other components in solution move along until they reach their
crystallization temperatures. The physical separation of the polymer components is
achieved with regard to crystallizability within the column in the crystallization
cycle. The key to improving separation during the crystallization step is the flow
rate. After the completion of crystallization, the solvent flow is stopped and
dissolution of the polymer components is achieved by heating the column to higher
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temperatures. To elute all different fractions, the solvent flow is started again at an
appropriate rate.

The advantages of the two processes explained in Fig. 2.44a, b are combined in
CEF. The sample loading step is the first step. It is the same for all three methods.
The crystallization with a continuous flow through the column enhances the
physical separation according to crystallinity during this step and this dynamic
crystallization is combined with the typical TREF elution cycle as a next step; see
Fig. 2.44c. The set-up resulted in enhanced resolution in a shorter time frame.

CEF has been shown to provide reproducible and very fast analyses of the
compositional distribution of complex polyolefins, one application being in high-
throughput experimentation [114]. Analysis times of less than 30 min could be
achieved. The gain in separation from TREF to CEF is presented in Fig. 2.45 for a
blend of two metallocene-type resins [9]. The crystallization peaks of the two
components are separated by 20.7 °C for CEF compared to only 12.7 °C for TREF.

2.3.1 Analysis of Complex Polyolefins by CEF [113]

As mentioned earlier, CEF is faster than TREF and CRYSTAF, and significantly
improved fractionations are obtained. This makes CEF an interesting alternative to
the more conventional polyolefin fractionation techniques. CEF experiments can be
conducted in a standard TREF instrument as they only require a typical tunable
column oven and a HPLC pump to deliver the solvent flow. Similar to TREF, a
range of different detectors can be used to monitor concentration, chemical com-
position and molar mass.

2.3.1.1 Aim

In the present application, a range of different complex polyolefins shall be
fractionated. The experimental approach of CEF shall be described and the quality
of fractionations obtained shall be discussed.

2.3.1.2 Materials
e Polymers. Metallocene-type resins with densities of 0.902 g/mL and 0.937 g/
mL, Elite™ resin of Dow Chemical, LLDPE

2.3.1.3 Equipment

e CEF. CEF Instrument (Polymer Char, Valencia, Spain); see Fig. 2.46.
e Detectors. Dual wavelength IR detector, dual capillary viscometer.

e Solvent. ODCB.

e Crystallization and elution protocol. As described in the text.

2.3.1.4 CEF Measurements and Discussion

The fractionation of a typical complex polyolefin, Elite™ from Dow Chemical, is
shown in Fig. 2.47. This fractionation was accomplished in only 23 min using very
fast crystallization and heating rates (10 °C/min for both). Nevertheless, excellent
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Fig. 2.46 Schematic diagram of instrument combining TREF, dynamic crystallization and CEF
(reprinted from [113] with permission of Wiley-VCH)

separation into the different components is achieved. The reproducibility of multi-
ple fractionations is very good, as can be seen in Fig. 2.48 for the same resin. This
makes CEF a preferred choice for conducting fast and repeated fractionations, for
example, of an unknown material. Sufficiently large fractions can be accumulated
that allow further analyses, e.g. by NMR spectroscopy.

The separation of a LLDPE by multidetector CEF is presented in Fig. 2.49. The
dual wavelength IR detector provides the concentration reading while the ratio of
the CH, and CHj; signals from the IR detector provides the copolymer composition
(CH3/1,000C). The molar mass is obtained from the online capillary viscometer
reading that provides the intrinsic viscosity distribution.

To summarize, CEF is an interesting alternative method to TREF and
CRYSTAF and can be performed in a simplified TREF instrument. Better informa-
tion can be obtained in a fraction of the time that is required for TREF or
CRYSTAF.
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Fig. 2.48 Multiple CEF analyses (10 times) of Elite™ resin: crystallization rate 5 °C/min,
heating rate 10 °C/min, elution flow rate 0.5 mL/min (reprinted from [113] with permission of
Wiley-VCH)
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